The effects of litter quality and climate on decomposition rates of plant tissues were examined using percent mass remaining (MR) data of 10 foliar litter types and 1 wood type during 6 years exposure at 18 upland forest sites across Canada. Litter-quality variables used included initial nutrient contents (N, P, S, K, Ca, Mg) and carbon fractions (determined by proximate analysis and 13 C nuclear magnetic resonance spectroscopy). Climate variables used included mean annual temperature; total, summer, and winter precipitation; and potential evaptranspiration. A single-exponential decay model with intercept was fit using the natural logarithm of 0-to 6-year percent MR data (LNMR) for all 198 type by site combinations. Model fit was good for most sites and types (r 2 = 0.64-0.98), although poorest for cold sites with low-quality materials. Multiple regression of model slope (K f ) and intercept (A) terms demonstrated the importance of temperature, summer precipitation, and the acid-unhydrolyzable residue to N ratio (AUR/N) (r 2 = 0.65) for K f , and winter precipitation and several litter-quality variables including AUR/N for A (r 2 = 0.60). Comparison of observed versus predicted LNMR for the best overall combined models were good (r 2 = 0.75-0.80), although showed some bias, likely because of other site-and type-specific factors as predictions using 198 equations accounted for more variance (r 2 = 0.95) and showed no bias. [Traduit par la Rédaction]
Introduction
Northern boreal and temperate forests contain large stores of organic carbon (C) in litter, soils, and peats that are estimated to be in the range of 800-900 Pg C (Apps et al. 1993; Schlesinger 1997) , and inputs to and decomposition from these stores play a large role in the terrestrial global C cycle (Schimel 1995) . These stores could be especially significant if the release of C is accelerated as the result of global warming (Jenkinson et al. 1991) , which is predicted to be especially large for midcontinental, high-latitude regions (Houghton et al. 1994) . This accumulated C is largely the result of restricted decomposition rates. Three major causes for these restrictions include climate (temperature and moisture), substrate quality (chemical and physical characteristics), and the composition and abundance of the soil biotic communities (Berg 2000; Prescott et al. 2000) .
The influence of climate and substrate quality on fresh litter decomposition has been well documented (e.g., Aber et al. 1990; Aerts 1997; Berg et al. 1993; Coûteaux et al. 1995; Meentemeyer 1978; Melillo et al. 1982; Taylor et al. 1991) . However, the findings to date are limited by the range of ecological sites, number of tissue types, and length of study. The latter limitation is particularly important as understanding the factors controlling later stages of decomposition are needed to determine the potential fate of the organic matter stores with climate change. In particular, the role of temperature on the decomposition of well-decayed organic matter has been the subject of some debate (Grace and Rayment 2000) . In an analysis of literature, Giardina and Ryan (2000) concluded that decomposition rates of well-decayed soil organic matter are not strongly controlled by temperature and that increased temperature alone would not stimulate decomposition of forest-derived C in mineral soil.
More recently, several studies have begun to examine decomposition processes over a much broader range of site, climate, and litter qualities including the Long-Term Intersite Decomposition Experiment in the United States (LIDET 1995) , the Decomposition Study (DECO) in Europe (Berg et al. 1993) , and the Canadian Intersite Decomposition Experiment (CIDET) in Canada (Trofymow et al. 1995; Trofymow and CIDET Working Group 1998) . One of the main goals of these studies is to determine the nature of the controls on litter decay by examining decomposition over many years (usually 10 years or more). When completed these studies will provide critical information on factors controlling later stages of decomposition. Such data are needed to improve national models of C balance (Kurz et al. 1992; Kurz and Apps 1999) .
In this paper we present the results from CIDET describing the decomposition of a range of litter types (tree leaves, needles, herbs, and wood) over 6 years at forested sites ranging from the transitional grassland to the subarctic. We have already reported how, across all sites and types, mass remaining after 3 years (Moore et al. 1999 ) and 1 and 3 years (Preston et al. 2000) was related to mean annual temperature, annual precipitation, and the acidunhydrolyzable residue (Klason lignin) to N ratio. In this paper we examine how mass remaining at 6 years is related to an expanded set of climate and litter-quality variables. We test the utility of the exponential decay model to describe the mass loss over the 6 years and relate the slope and intercept values of the exponential regression to the same climate and litter-quality variables.
Methods
The CIDET study was established in autumn 1992, with placement of about 11 000 litterbags containing 11 material types (10 foliar litters, surface and buried wood blocks) at 21 locations (18 upland, 3 wetland sites), representing the major ecoclimatic provinces of Canada (Ecoregions Working Group 1989) (Fig. 1) . Details on litter collection, field methods, sample processing, and site descriptions have been published previously (Trofymow and CIDET Working Group 1998 ; also available as a PDF file at http://www.pfc.cfs. nrcan.gc.ca/climate/cidet). The 18 upland sites (3 wetland sites excluded) and 11 material types (buried blocks excluded) examined in this paper are listed in Tables 1 and 2 .
The 10 standard foliar litter types were collected from litter traps or senescent tissues. Each litter type was collected from single location and distributed to all sites. Wood blocks were cut from heartwood of a single western hemlock (Tsuga heterophylla) log avoiding branch knots. Litters were air-dried, thoroughly mixed, and subsampled to determine air-dry to oven-dry conversion. Subsamples were thoroughly milled to pass a 0.2-mm mesh prior to chemical characterization, which included total elemental analysis (C, N, P, S, Ca, Mg, K) and analysis of C fractions by wet chemical proximate analysis and 13 C nuclear magnetic resonance spectroscopy with cross-polarization and magic-angle spinning (CPMAS NMR). All data were expressed on a milligrams per gram oven-dry substrate basis. The proximate fractions were (i) nonpolar extractables (NPE, soluble fats, waxes and oils), (ii) water-soluble extractables (WSE, simple sugars, soluble phenolics), (iii) acid-hydrolyzable fraction (AHF, primarily cellulose and hemicelluloses), (iv) acid unhydrolyzable residue (AUR, organic portion of residue, i.e., corrected for ash), and (v) ash (ASH). The final residue left after acid hydrolysis during proximate analysis contains a mixture of mineral and organic materials, and ash content must be determined to calculate the organic portion of the residue. Furthermore, the organic residue is not a single chemical compound such as lignin. Preston et al. (1997) demonstrated through NMR analysis that the organic residue prepared from proximate analysis of a variety of litter types contains a mixture of organic compounds including lignin and that condensed tannins and waxes make up from 40 to 60% of the organic residue. In this paper we use the term AUR to refer to the organic residue left after proximate chemical analysis, i.e., residue corrected for ash content.
The NMR spectra were divided into chemical shift regions as follows: (i) 0-50 ppm, (alkyl C), (ii) 50-60 ppm (methoxyl C), (iii) 60-93 ppm (O-alkyl C), (iv) 93-112 ppm (di-O-alkyl and some aromatic C), (v) 112-140 ppm (aromatic C), (vi) 140-165 ppm (PHEN, phenolic C), and (vii) 165-190 ppm (CARB, carboxyl or carbonyl C).
Descriptions of the procedures (Trofymow and CIDET Working Group 1998) and results for the elemental and proximate analyses (Trofymow et al. 1995) and 13 C CPMAS NMR analysis (Preston et al. 1997 (Preston et al. , 2000 have been previously published.
Litterbags were made of 20 × 20 cm polypropylene fabric with 0.25 × 0.5 mm openings. Bags contained 10 g of litter or 50-g wood blocks. Each litter type was placed at all sites, in four replicate plots per site. Bags were placed so they were in contact with the forest floor, where present, thick standing grass or lichen layers were moved aside. Sufficient bags were placed to allow for 10 annual collections. After collection, litterbags were oven-dried at 55°C, the litter remaining weighed and percent mass remaining calculated. In this paper we use 6 years of decomposition data collected for the 10 foliar litters and the surface wood blocks (11 material types) (Table 2) for the 18 upland forest sites (Table 1).
Mean monthly and annual climatic data for the 18 sites were obtained for the closest corresponding long-term Environment Canada meteorological station (Trofymow and CIDET Working Group 1998) . Climatic data for both 30-year normals (1951-1980) (Environment Canada1982a, 1982b and the 6-year study period (1992) (1993) (1994) (1995) (1996) (1997) (1998) (Environment Canada 2000) were used, although preliminary analysis showed the 30-year normals and 6-year actual climatic data were highly correlated (annual temperature, r 2 = 0.9799; annual precipitation, r 2 = 0.9936). Potential evapotranspiration (Thornthwaite and Mather 1957) for each of the 18 sites came from values calculated from station climatic data (Agriculture and Agri-food Canada 1997) . Climatic variables used in the analyses included (i) mean annual temperature 1951-1980 (T30) or 1992-1998 (T6) , (ii) mean total annual precipitation 1951-1980 (P30) or 1992-1998 (P6) , (iii) mean summer precipitation July-August 1951 -1980 (SP30) or 1992 -1998 , (iv) mean winter precipitation October-March 1951 -1980 (WP30) or 1992 -1998 , and (v) precipitation minus potential evapotranspiration 1961 -1990 .
Relationships between the 9 climatic and 19 litter-quality variables and the mass remaining or exponential decay model parameters were determined using stepwise multiple regression (REG procedure with RSQUARE option; SAS Institute Inc. 1989). For each collection year, the means of the replicates for each material type within a site (n = 4) were used for all analyses (n = 198, 11 materials × 18 sites). Since wood differs greatly from foliar litters in its chemical properties, some analyses were repeated with wood excluded (n = 180). The best of the multiple-variable models were selected on the basis of the r 2 fit.
Results and discussion
Mass remaining after 6 years Six year mass loss averaged 55% (i.e., 45% mass remaining) across all sites and litter types. The highest mass loss was found at the most southerly sites (e.g., Morgan Arboretum, 24% mass remaining; Shawnigan Lake, 28%) and the least at the most northerly sites (e.g., Inuvik, 79% mass remaining; Whitehorse, 72%) ( Table 2 . Remaining litter mass, averaged across all 18 sites, for each of the 11 litter types after 6 years; acidunhydrolyzable residue (AUR) concentration, nitrogen (N) concentration; and AUR/N ratio. SE = 1.8) and highest for sites and types with least mass loss (e.g., Inuvik, SE = 4.0; wood, SE = 5.1) ( Tables 1 and 2 ).
Climatic and litter-quality controls
Much of the variation in mass remaining amongst sites can be explained by differences in climate. The 18 sites cover a broad range of conditions from the mild (9.3°C) and wet (1783 mm) Pacific cordilleran ecoclimatic region (Shawnigan Lake, Port McNeill) to the cold (-9.8°C) and dry (266 mm) subarctic (Inuvik) with most differences amongst sites due to mean annual temperature. Moore et al. (1999) found that across all litter types mean annual temperature was the best single climate predictor of mass remaining. This was also the case at 6 years (r 2 = 0.433, n = 198) ( Fig. 2) with either the 30-year normal (T30) or 6-year actual (T6) mean annual temperature predicting mass remaining equally well (Table 3 ). Inclusion of summer precipitation (SP) in a two-variable model improved the fit (r 2 = 0.511), and again, T30 and T6 predicted mass remaining similarly (Table 3) . Inclusion of PPET improved the overall fit slightly (r 2 = 0.512) but not sufficiently to warrant the use of a threevariable model. The analysis was repeated with wood excluded (Table 3A) , and r 2 increased by 5-10% with the same set of climate variables, although there were slight changes in parameter values. The best three-variable model included actual annual temperature (T6) and summer precipitation (SP6), but r 2 was only 1% greater than that obtained using the 30-year normals. As the PPET data was only available as 30-year normals, and to reduce the total number of variables used, only 30-year climate normal variables were used for all subsequent analyses.
Variation in mass remaining (MR) amongst material types can be explained by differences in quality. The different materials covered a broad range of N and AUR concentrations, with wood greatly different from the foliar litter types (Table 2). Previous studies (Melillo et al. 1982 (Melillo et al. , 1989 Taylor et al. 1989 Taylor et al. , 1991 and the 3-year results of this study (Moore et al. 1999; Preston et al. 2000) found that ratio of the acidunhydrolyzable residue to nitrogen (AUR/N) was the best single litter-quality predictor of litter decomposition. This was also true for the 6-year data; of all litter-quality measures, AUR/N gave the best fit (r 2 = 0.22) when wood was included in the regression (Fig. 3 , Table 3B ). The fit was poor (r 2 = 0.07) when wood was excluded (Fig. 3 , Table 3 ). Thus, wood appears as an outlier compared with the other foliar litters, and the relationship between mass remaining and AUR/N with wood included is not linear. For this reason, subsequent analyses were done twice, with wood included or excluded from the data. Similar findings were made by Taylor et al. (1991) who examined decay of materials with a wide range of AUR (Klason lignin) values and found that a piecewise linear model gave the best fit. Additional litter-quality variables slightly improved fits with r 2 increasing by 2-3%, not enough to warrant their inclusion (Table 3) . As Preston et al. (2000) found for the 3-year results, variables entering the two-and three-variable models differed if wood was included or not. The 13 C-NMR measurements of CARB and PHEN entered for data including wood, and carboxylics, Ca, and P entering for data with foliar litters alone (Table 3) .
For the combination of litter quality and climate the best two-variable regression with wood in the data set included the variables AUR/N and T30 (r 2 = 0.66, p < 0.001) (Table 3). Summer precipitation (SP30) entered as the best third variable, increasing r 2 by 8% (r 2 = 0.74). The best fourth and fifth variables were 13 C-NMR measures of litter quality (CARB or PHEN), but they increased the r 2 by less than 2%. With wood excluded, T30 and SP30 were the best two variables (r 2 = 0.65). AUR/N entered as the best third variable, increasing r 2 by 7% (r 2 = 0.72). The fourth and fifth variables entering were a variety of litter-quality variables (CARB, PHEN, ASH) each adding less than 3% to the r 2 (Table 3) . These results are similar to those found by Moore et al. (1999) for the 3-year data, except that SP30 was a better precipitation variable for the 6-year data than P30. The SP30 values were not used in the analysis of the 3-year data. Summer precipitation might be a preferred variable, as it would be a better predictor of sites where surface moisture might be a limiting factor during warmer periods of the year.
Changes in controls of litter decomposition over time
Since new variables were added for the 6-year analysis as compared with those used for the 3-year (Moore et al. 1999 ) and 1-and 3-year (Preston et al. 2000) analyses, the data for years 1 and 3 were reanalyzed by stepwise multiple regression to test for the importance of the additional variables. The three best variables and parameter values for predicting percent mass remaining changed from years 1-3 to 6 (Table 4). In year 1 the best variables included two litter-quality variables that differed if wood was included (AUR, AUR/N) or excluded (PHEN, WSE) from the data, and one climate variable (WP30). These were the same litter-quality variables found by Preston et al. (2000) in the analysis of the year-1 data.
Variables in year 1 differed considerably from those for years 3 and 6, which included a temperature (T30) and precipitation (P30 or SP30) variable and one litter-quality variable (AUR/N). The strong influence of litter quality and winter precipitation in year 1 suggests that the important factors controlling mass loss in the first year might be re- Relationship between percent mass remaining after 6 years and mean annual temperature (T30) among the 18 upland forest sites; site numbers are as in Table 1 . Although only mean values for each site are plotted, regression equations were developed using data for all types and sites (Table 3) is the incremental change in r 2 from a model with one less variable (X i -1). ASH, ash; AUR, acid-unhydrolyzable residue; AUR/N, acid-unhydrolyzable residue/nitrogen ratio; CA, calcium; CARB, carboxyl and carbonyl carbon; DIOAL, di-O-alkyl and some aromatic carbon; P, phosphorus; PHEN, phenolic carbon; PPET30, precipitation minus potential evapotranspiration 1961-1990; SP6, 6-year mean summer precipitation (July-August, 1992-1998); SP30, 30-year mean summer precipitation (July-August, 1951 -1980 ); T6, 6-year mean annual temperature (1992-1998); T30, 30-year mean annual temperature ; WSE, water-soluble extractables. Table 3 . Multiple regression results of best one-to three-variable models for percent mass remaining at year 6 (MRY6) for data including (with, W) wood (n = 198) or excluding (no, N) wood (n = 180) and using climate, litter quality, or all climate and litter quality variables.
lated to the loss of soluble compounds including soluble carbohydrates, phenolics, and tannins. Soluble carbohydrates would be easily decomposed, and once soluble phenolic compounds were leached, decomposition of the remaining litter could proceed more rapidly than for those litter types with a greater fraction of insoluble phenolic compounds. Since litterbags at all sites were placed in the field in autumn the amount of leaching would be related to the amount of winter rain or the amount of snow and, hence, snowmelt in the spring. Sites with the greatest winter precipitation (over 600 mm from October to March) were maritime sites in coastal British Columbia (Port McNeill and Shawnigan Lake) and the wet east-coast boreal forests (Montmorency, Rocky Harbour, and Gander). Certainly, decomposition in the winter cannot be discounted as temperatures under the snow can be well above air temperatures such that significant mass loss can occur during the winter even in the subarctic (Moore 1983 ). These findings have implications for generalized decomposition models as few published models include leaching losses. Of the four models (CENTURY, DOCMOD, MBL-GEN, GENDEC) used by Moorhead et al. (1999) to examine 2-year mass loss of selected litters and sites from LIDET, only DOCMOD (Currie and Aber 1997) includes losses due to leaching. Even in DOCMOD the process of leaching is not explicitly modelled. Litter is partitioned into three chemical pools, lignin-bound cellulose (LC), unprotected cellulose (C), and extractives (E), with mass loss from each pool an exponential decay function affected by annual evapotranspiration (AET). The carbon loss is then partitioned into leached C or mineralized C depending upon the pool type and whether the litter is hardwood or coniferous (proportion leached: LC, 0.19 or 0.34; C, 0.14 or 0.21; E, 0.05 or 0.07). Thus, it appears that DOCMOD would not be able to distinguish leaching-related losses for Canadian sites with similar AET but different winter precipitation.
Fit of separate exponential-decay models to time-series data
Decomposition rate constants were calculated for the entire 6-year period for each litter type at each site, using the annual mass remaining data. As a first approximation, decomposition was assumed to follow a simple singleexponential decay model (after Olson 1963):
Mass remaining (%) = 100 e -kt Decay constants were estimated by fitting a regression line through the natural logarithm (ln) of the percent mass remaining data over time with the intercept of the regression line assumed to go through ln(100%) (= 4.605) at time 0:
[2] ln(% mass remaining) = a -kt Examination of scatterplots for each litter type revealed that some litter types deviated significantly from this simple model. For example, while western redcedar appeared to fit the single-exponential decay model (Fig. 4) ; fescue did not (Fig. 5) . For western redcedar the intercept for the overall regression across all sites (4.598) did not differ from 4.605, while the intercept for fescue (4.325) did at p < 0.05. Thus, for all subsequent analyses a modified single-exponential decay model was fit for each litter type at each site (198 equations); this allowed the intercept to float and to be estimated Table 3 . P30, 30-year mean annual precipitation ; WP30, 30-year mean winter precipitation (October-March, 1951 -1980 . Table 4 . Comparisons of best three-variable regression models for percent mass remaining at year 1 (MRY1), year 3 (MRY3), and year 6 (MRY6) for data including (with, W) wood (n = 198) or excluding (no, N) wood (n = 180) and using all climate and litter quality variables.
by regression. This effectively gives a two-phase model with decay rates in the first year higher than in subsequent years.
The decay constants, K f , of the exponential decay equations covered a wide range of values from less than -0.005 (wood blocks at Gillam1 and Inuvik) to 0.30 (white birch and black spruce at Morgan Arboretum) ( (Table 5 ). This confirms the finding observed for mass remaining at year 1, 3, and 6 (Table 4) that litter quality is a relatively more important factor than climate in controlling initial mass loss and that its importance declines in the following phase, at least within the range of climates examined. Litter-quality factors were especially important when wood was included in the analysis.
The fit of the single-exponential decay model with intercept was good for most foliar types (r 2 = 0.70-0.98 for 184 of the 198 equations) although poorest for low-quality litter materials especially on cold sites (e.g., western redcedar at Inuvik, r 2 = 0.35; Whitehorse, r 2 = 0.57; wood at Inuvik, r 2 = 0.14; Whitehorse, r 2 = 0.46) ( Table 5) . Inspection of the mass data for these sites and types revealed variation in mass remaining with time, with some years showing apparent increases from previous years. However, the generally good fit for the majority of the litter types and sites suggests that for at least the first 6 years of litter decomposition at these sites the single-exponential decay model with intercept was a suitable functional form for describing the time-series data. This does not mean this functional form may be suitable at later years. Several authors (e.g., Weider and Lang 1982; Bunnell and Tait 1974) have suggested that multicompartment models are more appropriate forms to describe long-term decomposition. Minderman (1968) and Melillo et al. (1989) have suggested that decomposition is related to the decay of individual chemical fractions in the litter, and this assumption forms the theoretical basis for many of the generalized models of litter decay currently in use (e.g., CENTURY, DOCMOD, MBL-GEN, GENDEC; Moorhead et al. 1999 ). Titus and Malcolm (1999) suggest from a chronosequence study of Sitka spruce (Picea sitchensis (Bong.) Carrière) litter decay over 7 years in Scottish clearcuts, that a four-phase model was the most appropriate form for describing their results. In their model the first phase was completed in less than 1 year (105 days); the second phase lasted through year 2; the third phase, in years 3-5; and the final phase, in years 6 and 7.
Overall exponential decay models of litter decomposition
To develop a more general overall model of litter decomposition across all sites and types, stepwise multiple regres- Fig. 4 . Plot of the western redcedar ln(% mass remaining) over the 6-year period for all 18 sites; site numbers are as in Table 1 . An overall regression line (and lines of 95% confidence limits) fitted through the data passes through the origin, 4.605, (i.e., 100%) at year 0, illustrating that for western redcedar only the decay constant (K f ) (Table 5) Table 1 . An overall regression line (with lines of 95% confidence limits) fitted through the data does not pass through the origin, 4.605, (i.e., 100%) at year 0, illustrating that for fescue both the intercept (A) and decay constant (K f ) ( sion was used to determine which of the litter-quality and climate variables would be useful regressors for estimating either A or K f in the exponential decay with intercept equation. As expected, the best predictors for A were similar to those for mass remaining at year 1. The best three-variable model for A included two litter-quality variables, which differed if wood was included (AUR, AUR/N) or excluded (CARB, AUR/N) from the data, and WP30 (Table 6 ). Both the four-and five-variable models included additional litterquality variables, but these increased r 2 by only 4-5% or 2-3%, respectively. Regressors for the best three-variable model for K f were identical to those noted for 6-year mass remaining, including T30, SP30, and AUR/N (Table 6 ). Additional litter-quality variables were included for four-, five-, and six-variable models, but these increased r 2 's by only 3-4, 2-3, and 1-2%, respectively (Table 6) .
To test the overall fit to the data, the variables and parameter values for the A and K f terms, which had been estimated independently, were combined into single equations. Four equations were compared: a seven-variable model with wood (independent, W7), a seven-variable without wood (independent, N7), a nine-variable model with wood (independent, W9), and a nine-variable model without wood (independent, N9) ( Table 7) . These equations were then used to predict ln(% MR) annually over years 1-6 which was then compared with the observed ln(% MR) (n = 1188 including wood, n = 1080 excluding wood). The fit of the four models, determined by regressing predicted versus observed ln(% MR) data, was generally good (r 2 = 0.75-0.76 for sevenvariable models; r 2 = 0.77-0.78 for nine-variable models), although slopes deviated significantly from 1.0 (Table 8) .
Sources of bias in the overall models
Examination of a residuals plot for the seven-variable models (Fig. 6, independent, W7; Fig. 7 , independent, N7) showed significant bias, with the models overestimating decay (less MR) at early stages and underestimating decay (more MR) at later stages. Potential sources of such bias could be due to one or more causes including (i) inadequacies of the negative single-exponential functional form to represent the decay process; (ii) incorrect parameter estimates for the regressor variables in the A and K f terms, as regressions for each were done independently; and (iii) nonlinear relationships between the climatic or litter-quality variables used and K f or A.
As noted earlier, the exponential decay model with intercept gave a good fit for the majority of sites and types. Only low-quality litters on cold sites had poor fits, but since little mass loss would have occurred in these cases, their influence in the overall model fit would be small. To test for effects of bias due to functional form, comparisons were made of the overall fit to the data. Predicted ln(% MR) for each site and type for years 1-6 was calculated using the K f and A values for all 198 individual equations (Table 5) , and compared with the observed ln(% MR) (n = 1188 with wood, n = 1080 without wood). The fits were very good (r 2 = 0.95 with wood, 0.94 without wood) (Table 8 ) and residuals plots (Fig. 6, 198 equations; Fig. 7 , 180 equations) demonstrated no bias; thus, it is unlikely that the functional form was a cause of the bias in the overall "independent" models.
To test whether the bias resulted from the independent estimate of regression parameter values for K f and A, a series of cross-product variables were created through multiplication of years of exposure (Y) with the same litter-quality and climatic variables used in the independent seven-and ninevariable models. Regression variable parameter values for the A and K f terms in the combined models (simultaneous, W7; simultaneous, W7; simultaneous, N7; simultaneous, N9) were then estimated simultaneously through regression with the ln(% MR) data ( Table 3 . AHF, acid-hydrolyzable fraction. Table 6 . Multiple regression results for predicting the intercept (A) and decay constant (K f ) for 2-to 12-variable decay models for the 6 years of data using all climate and litter-quality variables. Note: For independent models, regressions for the A and K f terms were done separately; hence, parameter values were estimated independently. For the simultaneous models cross-product variables were created (years × climate or litter quality variable, e.g., YAUR/N, years × AUR/N ratio) using the same variables as for the independent models; hence, regression estimates for parameter values were simultaneous. For the best simultaneous models all cross-product, climate, and litter-quality variables were included and variables and parameter values selected that gave the best fit. Variables are as defined in Table 3 . Y, years. Table 7 . Final set of seven-or nine-variable overall decay models for predicting ln(% mass remaining) (LNMR) resulting from multiple regression analysis of data including (with, W) wood (n = 198) or excluding (no, N) wood (n = 180) and using all litter-quality and climate variables.
Model Term Equation

With wood
ing simultaneous and independent equations demonstrated that parameter values did change if parameter estimates were made simultaneously. For example, in the independent, W7 equation the parameter value for AUR in the A term (0.00075) was smaller than the same parameter in the simultaneous, W7 equation (AUR = 0.00097). Simultaneous estimates of parameter values for the K f and A terms (simultaneous models) resulted in slight improvements in overall fit, with the r 2 's 1-2% higher than the independent parameter estimate models (Table 8 , independent models). However, the residuals plots demonstrated that the "simultaneous" models were still biased (Fig. 6, simultaneous, W7 ; Fig. 7 , simultaneous, N7), indicating that while simultaneous estimate of parameters slightly improved fit it could not account for model bias in the independent models.
Since there were such changes in parameter values with the simultaneous versus independent parameter estimates, the independent regression for the K f and A terms could also have resulted in inappropriate selection of variables and, thus, serve as another source of bias. To test for this, a complete set of cross-product variables was created using all the litter-quality and climate variables used in the initial stepwise multiple regression for A and K f , and the best sevenand nine-variable models (best simultaneous) were derived by stepwise multiple regression on the ln(% MR) data (Table 7). The variables selected differed from those selected in the initial stepwise regression (independent models). For example, for models with wood the best seven-variable model (best simultaneous, W7) only included two litter-quality variables and no climate variables in the A term, while the K f term included two different litter-quality variables (Table 7). The best nine-variable model with wood (best simultaneous, W9) included the same set of variables (CARB, AUR, AUR/N, WP30) in the A term as the nine-variable independent model, and the same two climate variables (T30, SP30) in the K f term, but two different litter-quality variables (PHEN, ACID). The best simultaneous models resulted only in slight improvements of fit with r 2 's 1-2% higher than the comparable simultaneous models (Table 8) . However, the residuals plots (Fig. 6 , best simultaneous, W7; Fig. 7 , best simultaneous, N7) indicate that the models were still biased.
Sources of bias in the overall model are still unexplained. Nonlinearities between litter-quality or climatic variables and K f or A, might still be present and not detected in this analysis. One obvious nonlinear relationship was with AUR/N when wood was included (e.g., Fig. 3 ). Although wood acts as an outlier, it does not account for the bias, which still persists even when wood was excluded during model parameter estimation and from comparisons of pre- Note: Regressions were of the following form: predicted = B 0 + B 1 (observed). Most comparisons were made using the mean (10 or 11 types × 18 sites × 6 years) data (n = 1188 or 1080). Comparisons with the entire data set (including the four within-site replicates, except for missing bags) were done for the 198 or 180 equations for each type and site and for the best fit seven-variable decay model (best simultaneous). Table 8 . Comparison of decay models (independent, simultaneous, and best simultaneous models from Table 7; or all 198 or  180 equations from Table 5 ) fit by regression of predicted versus observed ln(% mass remaining) including (with, W) wood or excluding (no, N) wood. Table 7 for details on latter three models. Regressions through residuals with intercepts or slopes different from 0 indicate degree of constant or variable bias, respectively. dicted versus observed LNMR (e.g., Fig. 6 , best simultaneous, W7 and Fig. 7 , best simultaneous, N7 both show bias). Earlier examination of scatterplots of the litter-quality or climatic variables and K f or A had revealed a nonlinearity between A and P30 which was eliminated when WP30 was used. Examination of other scatterplots did not reveal any other obvious nonlinearities; thus, the bias in the overall models was likely related to their inability to capture effects resulting from specific sites or litter types.
Best overall empirical model
At present the best overall empirical model for describing the percent mass remaining over 6 years for all sites and types is best simultaneous, W9 or best simultaneous, N9 (Table 7) using the correction for bias (Table 8 ). The best simultaneous seven-or nine-variable models give good fits to the data (r 2 = 0.78-0.80) but still explained 14% less variance than that obtained using the 198 individual equations (r 2 = 0.94). Regressions of predicted and observed ln(% MR) for the entire data set (n = 4723 with wood, n = 4297 no wood) using both best simultaneous seven-variable (r 2 = 0.68 including wood, r 2 = 0.70 excluding wood) and all 198 or 180 equations (r 2 = 0.82 including wood, r 2 = 0.83 excluding wood) demonstrates that about 10-12% of the entire variance is due to within-site variation (Table 8) . To find an unbiased model that better fits the observed data will likely require the use of other factors and variables to account for differences among the sites and litter types. For example, wood was noted as an outlier when compared with the foliar litters, and its exclusion changed variables used in the overall decay model and improved the models' fit (r 2 increased by 1%, Table 8 ).
Possible reasons for the influence of winter precipitation
As noted earlier for year-1 mass loss, the effect of winter precipitation might be related to its role in leaching. Although many simulation models that use daily or monthly weather data would have the capability of including the effects of winter precipitation on leaching losses, few if any do so. None of the empirical models from other studies examined for this paper appear to have considered WP as a climatic variable. In analyses of pine or spruce litter decomposition across a climatic transect extending from Denmark to northern Sweden, Berg et al. (1993 Berg et al. ( , 2000 found that although first-year mass loss in pine stands was strongly related to AET, first-year mass loss in spruce stands along the same transect was only weakly related to AET. Berg et al. (2000) speculates that the differences in the climatic effects on mass loss between the pine and spruce stands might be related to differences in canopy cover. Spruce, which have much denser canopies, might have similar ground microclimates along the transect, and thus, mass loss would be only weakly related to the climatic variables. Furthermore, Berg et al. (2000) suggest that the microclimate effect might be due to water limitations arising from interception by the dense spruce canopies. If winter precipitation is important, and snow interception is greater and less variable in the dense spruce stands than in the sparser pine stands, then mass loss in spruce stands would be lower and less variable across the climatic gradient.
In CIDET, first-year mass remaining or A values were lower for sites with higher winter precipitation. The two Newfoundland sites (Gander, Rocky Harbour) followed this overall trend but contrasted sharply with each other. While both sites received similar amounts of precipitation (WP30, SP30, or P30) and had similar temperatures, first-year mass remaining and A values were much lower in Rocky Harbour and well below the overall trends. These site differences might be related to degree of WP intercepted by the trees and canopy cover. The Gander site has a dense black spruce (Picea mariana) stand (basal area (BA) 61.7 m 2 ) while Rocky Harbour has a sparser stand of balsam fir (Abies balsamea (L.) Mill.) (BA 15.4 m 2 ) and white birch (Betula papyrifera) (BA 2.8 m 2 ).
Conclusions
Litter and wood mass has continued to decline over the entire 6-year period for all plant tissue types at all sites. The amount of mass remaining at 6 years could be effectively predicted with a relatively limited range of climate (temperature and summer precipitation) and litter-quality (AUR and AUR/N) variables. Wood, however, was an outlier compared with the foliar litters; it had an initial AUR/N nearly three times higher and a percent mass remaining 20% greater than Residuals plots (predicted vs. observed ln(% mass remaining mass)) for four decay models with data for years 1-6, 18 sites, and 10 types, excluding wood (N): (a) 180 equations (Table 5) ; (b) independent, N7; (c) simultaneous, N7; (d) best simultaneous, N7. See Table 7 for details on latter three models. Regressions through residuals with intercepts or slopes different from 0 indicate degree of constant or variable bias, respectively.
the next closest litter type, and thus, data analyses and model development should be done with values for wood excluded from the data. A single-exponential decay equation with intercept worked surprisingly well for predicting MR over 6 years for each site and litter type. This was reflected in the comparisons of predicted vs. observed ln(% MR) using all 198 equations, which explained over 90% of the variance in the site by type mean data (n = 198) and over 80% of the variance in the entire data (n = 4723). The use of a floating intercept was able to account for the more rapid initial phase of decomposition occurring in the first year for some litter types. The equations should not, however, be used for predicting MR at less than 1 year, as for some litter types predicted mass remaining at year 0 was greater than 100%. The usefulness of this equation's functional form will likely decrease in future years, since the final phase of litter decomposition usually has much reduced rates of decay (e.g., Weider and Lang 1982; Bunnell and Tait 1974) .
The best set of variables for predicting decomposition changed over the 6-year period. This was reflected in both the analysis of the mass remaining data at 1, 3, and 6 years and in the analysis of variables for A and K f of the overall single-exponential decay model with intercept. Litter-quality factors and winter precipitation were important in predicting decomposition within the first year, while temperature, summer precipitation, and a variety of litter-quality factors including AUR/N were useful in subsequent years.
The finding that winter precipitation was an important factor affecting decomposition within the first year needs further study. We suggest that this effect may be due to mass loss from leaching of soluble compounds or due to leaching of soluble phenolics that might be inhibiting litter decay. Leaching would be higher in areas with greater winter precipitation, occurring either as rain (western coastal temperate sites) or as large snowfall accumulations, which would give rise to greater spring snowmelt (eastern wet boreal sites).
Although the overall decay models were effective at explaining mass remaining over the entire 6-year period (r 2 = 0.79-0.81) the models required corrections for bias, as they overestimated initial mass loss and underestimated later mass loss. The bias was unrelated to the way the models were developed, although simultaneous selection and parameter estimation of model variables does improve model fit and should be the method used for future model development. It appears that site-and type-specific factors unaccounted for in the climate and litter-quality variables used were the likely causes of model bias and limitations in model fit. Such factors include in situ temperatures and possibly other measures of litter quality. Certainly temperatures at the soil surface within a site or under snow cover will be higher than air temperatures in the open field of a nearby weather station. Additional research is required to identify these factors and further the development of more generalized models of litter decomposition.
